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The cellulosome-integrating protein CipA, which serves as a scaffolding protein for the cellulolytic complex
produced by Clostridium thermocellum, comprises a COOH-terminal duplicated segment termed the dockerin
domain. This paper reports the cloning and sequencing of a gene, termed sdbA (for scaffoldin dockerin
binding), encoding a protein which specifically binds the dockerin domain of CipA. The sequenced fragment
comprises an open reading frame of 1,893 nucleotides encoding a 631-amino-acid polypeptide, termed SdbA,
with a calculated molecular mass of 68,577 kDa. SdbA comprises an NH,-terminal leader peptide followed by
three distinct regions. The NH,-terminal region is similar to the NH,-terminal repeats of C. thermocellum OlpB
and ORF2p. The central region is rich in lysine and harbors a motif present in Streptococcus M proteins. The
COOH-terminal region consists of a triplicated sequence present in several bacterial cell surface proteins. The
NH,-terminal region of SdbA and a fusion protein carrying the first NH,-terminal repeat of OlpB were shown
to bind the dockerin domain of CipA. Thus, a new type of cohesin domain, which is present in one, two, and
four copies in SdbA, ORF2p, and OlpB, respectively, can be defined. Since OlpB and most likely SdbA and
ORF2p are located in the cell envelope, the three proteins probably participate in anchoring CipA (and the

cellulosome) to the cell surface.

Clostridium thermocellum, a gram-positive thermophilic and
anaerobic bacterium (26), produces a high-molecular-weight
cellulase complex termed cellulosome (19). This complex is
originally bound to the cell surface and subsequently released
into the medium. The cellulosome is composed of at least 15
different polypeptides, including numerous f-1,4-endoglu-
canases (15), at least one cellobiohydrolase (28), and several
hemicellulases (B-1,4-xylanases and lichenases) (27). Catalytic
components are bound to a noncatalytic scaffolding subunit,
named CipA (cellulosome integrating protein) (11, 41, 46).
CipA and similar components identified in cellulase complexes
of other cellulolytic clostridia have been termed scaffoldins (2).

The mode of attachment of the catalytic subunits to CipA
has been elucidated. Each catalytic subunit contains a con-
served duplicated segment of 23 residues (3), which has been
termed the dockerin domain (2). The dockerin domains inter-
act with a set of complementary binding domains of about 145
to 150 residues (8, 41), called cohesin domains (2), which are
reiterated ninefold within the sequence of CipA (11). Besides
the reiterated cohesin domains, the CipA polypeptide includes
a cellulose-binding domain and a C-terminal duplicated seg-
ment of 23 residues (11). This segment resembles the dockerin
domains of the catalytic subunits, although its amino acid se-
quence is more divergent from the consensus. The binding
properties of the duplicated segment of CipA have been stud-
ied by using the chimeric protein CelC-DSCipA, in which the
duplicated segment is fused to the COOH terminus of CelC
(36). CelC-DSCipA binds neither to the cohesin domains of
CipA nor to the cohesin domain of OlpA (previously termed
ORF3p), a cell surface protein whose gene is located down-
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stream from the cipA gene (9). However, CelC-DSCipA binds
to three extracellular polypeptides of C. thermocellum with
molecular masses of 170, 116, and 60 kDa, termed p170, p116,
and p60, respectively (36). Thus, the duplicated segment of
CipA behaves like a dockerin domain with a binding specificity
differing from that of the dockerin domains borne by the cat-
alytic subunits. The structures and functions of the polypep-
tides that bind the dockerin domain of CipA are unknown.

In this study, we report the molecular cloning and sequence
analysis of a gene whose product specifically binds the dockerin
domain borne by CelC-DSCipA. Segments of the gene were
subcloned and expressed separately in order to identify the
region of the polypeptide responsible for binding the dockerin
domain of CipA. The identified region was similar to reiterated
segments present in the previously described OlpB protein (9,
20). One of the OlpB segments was shown to bind CelC-
DSCipA.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial strains and plas-
mids used in this study are described in Table 1. Escherichia coli TG1 was used
for cloning and sequencing. Proteins were produced in E. coli M15(pREP4).

C. thermocellum was grown anaerobically at 60°C in CM3-3 medium supple-
mented with 5 g of cellobiose per liter (39).

E. coli was grown at 37°C in Luria-Bertani medium (23). The following anti-
biotics were added, depending on the plasmids present in the host: ticarcillin
(100 pg/ml), chloramphenicol (30 pg/ml), and kanamycin (25 pg/ml).

DNA manipulations. C. thermocellum genomic DNA was purified by the
method of Marmur as modified by Quiviger et al. (32). Other DNA manipula-
tions were performed as described by Ausubel et al. (1). Restriction enzymes
were used as recommended by the suppliers.

Oligonucleotides primers were synthesized by Eurogentec SA (Seraing, Bel-
gium) or Genset SA (Paris, France). PCR amplification was performed as de-
scribed by Saiki et al. (34), using 100 pmol of each oligonucleotide primer in 100
wl of reaction mix. MgCl, was added to a final concentration of 2 mM. Thirty-five
amplification cycles were performed with the following parameters: annealing, 1
min at 65°C; elongation, 1 min at 72°C; and denaturation, 1 min at 94°C. The
sequences of cloned PCR fragments were verified throughout.

Construction of the C. thermocellum genomic library. C. thermocellum DNA
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FIG. 1. Restriction map of the region including the sdbA gene and construction of pCT1830, pCT1831, and pCT1832, encoding SdbA-N, SdbA-C, and SdbA,
respectively. E, EcoRI; K, Kpnl; P, Pstl; Sa, Sall; Sc, Sacl; Sp, Sphl, MCS, multiple cloning site. The position of the insert carried by pCT1801 is indicated. The positions
of the segments encoding the various regions identified within SdbA are shown by boxes of different patterns. Numbers refer to the nucleotide sequence (Fig. 3).
Nucleotides that were changed in the PCR-amplified sequence are shown in boldface type. The DNA of the pQE-30 vector is indicated by a thin line. The pQE-30
sequence encoding six histidines is represented by a box not drawn to scale. The transcription of sdbA is from left to right.

was partially digested by Sau3Al, and fragments were separated on a sucrose
gradient. Fragments larger than 12 kb were inserted in plasmid pUC18 cleaved
by BamHI and treated with bacterial alkaline phosphatase (Ready-to-Go; Phar-
macia). E. coli TG1 cells were transformed by electroporation and plated in the
presence of 0.8 mg of 5-bromo-4-chloro-3-indolyl-B-p-galactoside and 0.2 mg of
isopropyl-B-p-thiogalactoside (IPTG) per plate.

Colony screening and Western blot analysis. CelC-DSCipA (20 pg) was la-
beled with 100 to 200 nCi of Na'*I, using H,0, and lactoperoxidase (24, 41).
Colonies of recombinant clones were overlaid overnight at 37°C with nitrocel-
lulose filters (Hybond-C; Amersham). Filters were washed four times for 30 min
each in phosphate-buffered saline (PBS; 4.3 mM Na,HPO,, 1.4 mM KH,PO,,
137 mM NaCl, 2.7 mM KCI [pH 7.3]) containing 5% nonfat dry milk and
incubated overnight at room temperature in the same buffer containing 4 X 10*
cpm of 1*T-labeled CelC-DSCipA per ml. Excess radioactivity was eliminated by
six washes in the same buffer and then three washes in PBS. Filters were blotted
dry, covered with plastic wrap, and autoradiographed at —70°C with an intensi-
fying screen. Among positive clones, pCT1801 was studied in detail.

For Western blots, proteins were analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) (16) and transferred by electro-
phoresis onto a nitrocellulose membrane (Hybond-C; Amersham) (42). Detec-
tion of proteins interacting with '2°I-labeled CelC-DSCipA or '**I-labeled SdbA
was performed as described above, using 2 X 10° cpm of the '?*I-labeled probe
per ml.

DNA seq ing and e analysis. Appropriate restriction fragments of
pCT1801 were subcloned in plasmid pBC SK™, and nested deletions were gen-
erated by using exonuclease IIT and S1 nuclease (Erase-a-Base kit; Promega) as

recommended by the supplier. Single-stranded templates were sequenced by the
dideoxy-chain termination method (38), using Sequenase and Taquence Kkits
(USB-Amersham). The sequence was determined at least once on each strand.
Computer analysis of sequence data was performed with the sequence analysis
software package (version 7) of the Genetics Computer Group (University of
Wisconsin) (6).

Construction of expression clones and protein purifications. Clones overpro-
ducing intact or deleted forms of SdbA (scaffoldin dockerin binding) were con-
structed by using the pQE-30 vector. The sequence encoding the desired
polypeptide was fused to a segment encoding six His residues to facilitate puri-
fication (14). To clone the fragment encoding the NH,-terminal domain of SdbA,
a 670-bp fragment flanked by BamHI and PstI sites was synthesized by PCR (Fig.
1). The forward primer was 5'-CTG CCG GCG GGA TCC GCA AGG GCA
GAT-3', and the reverse primer was 5'-ACT TTT GCA GAA TTT TCT GCA
GGC G-3'. The fragment was inserted between the BamHI and PstI sites of
pQE-30, yielding pCT1830. The polypeptide encoded by pCT1830 was called
SdbA-N.

To clone the region encoding the COOH-terminal domains of SdbA, plasmid
pCT1801 was digested with BamHI. The ends were filled and converted into
blunt ends with the Klenow fragment of DNA polymerase. After recutting with
Pst1, the 1.4-kb fragment encoding the central and COOH-terminal regions of
SdbA was purified and inserted into the pQE-30 vector which had been digested
with HindIIl, treated with the Klenow fragment of DNA polymerase, and di-
gested again with Pstl. The resulting plasmid was termed pCT1831, and the
encoded polypeptide was called SdbA-C.

Plasmid pCT1832, expressing the sequence of SdbA (without signal peptide),
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TABLE 1. Bacterial strains and plasmids used

Strain or plasmid

Relevant features

Reference or source

Strains
E. coli
TGl [A(lac-pro) thi supE hsdD5/F' tra-36proA™ B lacld lacZAM15] 13
M15(pREP4) 7, 44; Qiaexpress kit (Qiagen)
C. thermocellum
NCIB 10682
YS 19; R. Lamed
Plasmids
pUC18 Amp’, cloning vector 47
pBC SK™ Cam’, cloning vector Stratagene
pQE-30 Amp', expression vector Qiaexpress kit (Qiagen)
pCT1801 pUCI18 derivative containing an Sau3A fragment encoding SdbA This study
pCT1830 pQE-30 derivative encoding the cohesin domain of SdbA fused to 6 His residues This study
pCT1831 pQE-30 derivative encoding the central and COOH-terminal regions of SdbA fused to 6  This study
His residues
pCT1832 pQE-30 derivative encoding SdbA fused to 6 His residues This study

was constructed by inserting the 670-bp BamHI-PstI fragment (see above) into
plasmid pCT1831 digested by BamHI and PstI.

Production and purification of proteins were performed with the Qiaexpress
system (Qiagen Inc). One-liter cultures were grown at 37°C to an optical density
at 600 nm of 0.7. IPTG was then added to a final concentration of 0.3 mM, and
the cultures were further incubated at 37°C for 5 h. Cells were resuspended in 80
ml of 50 mM Tris-HCI (pH 7.5) (buffer A) and disrupted in an Aminco French
pressure cell at 14,000 1b/in? (100 MPa). The extract was centrifuged at 9,000 X
g for 20 min to remove cell debris. The supernatant was loaded on an 8-ml
column of Ni-nitrilotriacetic acid resin equilibrated with buffer A, washed with
buffer A, and eluted with the same buffer containing 250 mM imidazole. The
eluted fractions were dialyzed overnight at 4°C against 1 liter of buffer A.
Purified proteins were stored at —80°C.

Amino-terminal amino acid sequence determination. Fifty picomoles of each
polypeptide to be sequenced was subjected to SDS-PAGE and transferred over-
night, at room temperature, at 850 mA onto a hydrophobic polyvinylidene
difluoride membrane (ProBlott; Applied Biosystems) treated with 100% meth-
anol, using a Trans-Blot Cell (Bio-Rad) containing 50 mM Tris base and 50 mM
boric acid buffer. Bands were stained with 0.003% amido black and cut out, and
the amino-terminal sequences of the polypeptides were determined by the Ed-
man method, using a model 473A or a Procise HT sequencer (Applied Biosys-
tems).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper will appear in the GenBank nucleotide sequence database
under accession number U49980.

RESULTS

Cloning of a gene encoding a polypeptide which specifically
binds the dockerin domain of CipA. We screened 1,600 recom-
binant clones for the binding of '**I-labeled CelC-DSCipA.
Eight independent clones were labeled. Controls performed
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FIG. 2. Specific binding of '**I-labeled CelC-DSCipA to clones producing
SdbA. Positive and negative clones patched on duplicate plates were transferred
onto nitrocellulose filters, and the filters were incubated with '**I-labeled CelC-
DSCipA (A) or '*’I-labeled CelC-DSCelD (B). Filters were washed and auto-
radiographed as described previously (8).

with '*°I-labeled CelC-DSCelD, which carries the dockerin
domain of CelD (40), indicated that binding was specific for
the dockerin domain of CipA (Fig. 2).

All cloned segments hybridized to the same region of the C.
thermocellum genome (data not shown), whose map is shown
in Fig. 1. Their restriction maps were consistent with the re-
striction fragments revealed by Southern blotting in C. thermo-
cellum DNA (data not shown). The segments did not hybridize
(data not shown) and did not have restriction fragments in
common with the region extending between cipA and olpA (9).
Within the region covered by the cloned fragments, a 1.6-kb
segment between the Pstl site and the left boundary of the
insert borne by pCT1801 (Fig. 1) was necessary and sufficient
to encode a polypeptide able to bind the dockerin domain of
CipA. The corresponding gene was termed sdbA (for scaffoldin
dockerin binding).

Sequence analysis. The sequence of the sdbA gene is shown
in Fig. 3. The coding sequence comprises 1,893 nucleotides.
The ATG start codon is preceded by a putative ribosome-
binding site. The encoded polypeptide, composed of 631 amino
acids, has a calculated molecular mass of 68,577 Da. The do-
main structure of the protein is shown in Fig. 1 and 3. A
putative signal peptide of 26 amino acid residues is located at
the NH, terminus of the polypeptide (45). Alignments with
other proteins indicated the presence of three distinct regions
in SdbA. The N-terminal region, composed of 156 amino acid
residues, is similar to the N-terminal repeats of C. thermocel-
lum OlpB (previously termed ORFlp) and ORF2p, two
polypeptides whose genes are located immediately down-
stream from cipA (9) (Fig. 4). A Pro/Thr/Ser-rich spacer of 56
residues separates this region from the rest of the protein. The
central region is composed of 215 amino acids, with many Lys
residues. This region comprises a short amino acid sequence
similar to a segment present in Streptococcus pyogenes M pro-
teins (Fig. 5). The COOH-terminal region is composed of
three repeats that are highly similar to the segments termed
SLH (S-layer homologous) present in several proteins located
on the cell surface of various bacteria (9, 22) (Fig. 6).

Identification of the domain responsible for binding the
dockerin domain of CipA. To identify the domain responsible
for binding the dockerin domain of CipA, the binding proper-
ties of polypeptides derived from SdbA were compared. The
sdbA gene and appropriate subfragments were fused to the
Hise-encoding expression vector pQE-30, and the correspond-
ing polypeptides were purified by Ni** affinity chromatogra-
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FIG. 3. Nucleotide sequence of the region encoding the sdbA gene. The putative ribosome-binding site, the motif found in streptococcal M proteins (Fig. 5), and
the NH,, terminus of the 24-kDa species present in lanes 2 and 3 of Fig. 7A are underlined. The various regions identified within SdbA are indicated by boxes with

the same patterns as in Fig. 1.

phy. The apparent molecular masses of intact SdbA and of the
fragment containing the central and C-terminal regions were
60 and 36 kDa, respectively, in agreement with the masses
predicted from the nucleotide sequence (Fig. 7A). The appar-
ent molecular mass of the NH,-terminal region was 35 kDa,
higher than the molecular mass calculated from the nucleotide
sequence (22,715 Da). However, the Pro-rich linker represents
a large fraction of the polypeptide, which may account for a
slow migration in SDS-PAGE (10). The preparations of intact
SdbA and of the COOH-terminal polypeptide both contained
a second polypeptide of 24 kDa. In both cases, the NH,-
terminal sequence of the 24-kDa species was SKYAVSY, a
segment located at the end of the lysine-rich region. This
finding indicates that the 24-kDa polypeptide was derived from
the COOH-terminal region containing the SLH repeats of
SdbA. Since SLH repeats contain no histidine cluster, the
COOH-terminal fragment was probably bound to the intact
polypeptides. Indeed, polypeptides containing SLH repeats
have been reported to self-associate (20).

Western blotting with '**I-labeled CelC-DSCipA as a probe
confirmed that the product of the sdbA gene bound the dock-
erin domain of CipA (Fig. 7B). Binding to the NH,-terminal
fragment was weak but detectable. Binding to the C-terminal
fragment could not be detected even after a sevenfold-longer
exposure time (data not shown). No binding of '**I-labeled
CelC-DSCipA to SdbA was observed when Ca** (present in
nonfat dry milk added as a blocking agent) was chelated in the
presence of 25 mM EDTA (data not shown), which suggests
that the interaction was dependent on the presence of Ca”* (or
some other cation chelated by EDTA). A similar observation
was made by Yaron et al. (48) for the binding of the second
and third cohesin domains of CipA to the catalytic components
of the cellulosome.

Binding of '**I-labeled SdbA to CipA. Western blotting with
125].]abeled SdbA as a probe was performed with purified
recombinant CipA and with various CipA-containing fractions
obtained from cultures of C. thermocellum (Fig. 8). In each
case, the migration of the topmost band corresponded to an
apparent molecular mass of 210 to 250 kDa, in agreement with
previous results reported for the scaffoldins of C. thermocellum
NCIB 10682 and YS. The scaffoldin of strain YS, termed CipB
(31), migrates somewhat faster than CipA from strain ATCC

27405 (=NCIB 10682) (17). In addition, each sample displayed
a set of regularly spaced bands migrating faster than CipA. The
bands probably derived from proteolytic cleavages occurring at
regularly spaced intervals along the scaffoldin sequence (most
likely in the linker regions between the cohesin domains).
CipA is highly sensitive to proteolysis, and ladders were ob-
served previously for CipA prepared from the cellulosome by
preparative electrophoresis (37). Most of the labeled polypep-
tides detected in either strain YS or strain NCIB 10682 were
identical in size, but CipA seemed to contain one more module
than CipB. Since both CipA and CipB contain a cellulose-
binding domain (11, 29), it is tempting to speculate that CipB
has one cohesin domain less than CipA.

Binding of CelC-DSCipA to the NH,-terminal repeat of C.
thermocellum OlpB. Since the NH,-terminal region of SdbA is
similar to the NH,-terminal repeats of OlpB, we checked
whether CelC-DSCipA would bind to MalE-ORF1p-N, a chi-
meric protein comprising the first NH,-terminal repeat of
OlpB fused to the maltose-binding protein MalE (20). MalE-
ORF1p-N appeared to be labeled (Fig. 7B, lane 5). No binding
was observed with MalE-ORF1p-C, which consists of the C-

27 RADKASSIELKFDRNKGEVGDILIGTVRINNIKNEAGEQUNIVYDPKVIMAVDPET Sdba
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LELDKTKVKVGDIITATIKIENMENFAGYOLNIKYDRETMLEATELET: OlpB

409 MELDKTRVEVGD [1 TATIKTENMRNEAGYOLNTKYDPTMLEATIELET OlpB
607 ... MELDKTKVKEGDVIIATIRVUNNIKNLAGYOIGIKYDPKVLEARNIET: OlpB
38 L. MELDKTKANTGDT TTATIRIDNINNE SGYQLNIKYDPSYLOAVNELT ORF2p
209 ..., ALELDETKVKVGDVIVATVKAKNMT SMAGIQVNIKYDEEVLOAIDEAT, ORF2p

83 GKEFTSSTEPP..GRTVLKNNAYGPIQTADNDPEKGILNFALAYSYIAGYKETGVA Sdba
84 GEEETDKSMPV., .NRVLLTNSKYGPTPVAGNDIRSGIINFATGYNNLTAYKSSGID OlpB
254 (GSAIAKRTWEVTGGTV.LQSDNYGKTTAVANDVGAGIINEAFAY SNLTKYRETGVA OlpB
456 GSAIAKRTWPVTGGTV.LOSDNYGKTTAVANDVGAGLIINFAEAYSNLTKYRETGVA OlpB
654 GDPIDEGTWPAVGGTI.LKNRDYLPTGVAINNVSKGILNFAAYYVYFDDYREEGKS OlpB
85 GEPIKKRTMPAVNGTVLEKGDQYSTPEVVENNVDEG LLNEGKGYANLTEYRKBGKP  ORF2p
257 GKPETKETLLV. .DPELLSNREYNPLLTAVNDINSGI INYASCYVYWDSYRESGVS ORF2p

137 EESGIIAKIGFRILOKKSTAVKFQDILSMPGATISGTQLEDWDGEVITGYEVIQR  ScbA
138 EHTGIIGEIGEKVLKKONTSTREEDTLSMPGAISGISLEDWDAETITGYEVIOP . OlpB
309 EETGIIGKIGERVLKAGSTAIRFEDTTAMPGATIEGTYMEDWYGENIKGYSVVOP © OlpB
511 EETGITGRIGFRVLKAGSTATREEDTITAMPGATIECTYMEDWYGENIKGYSVVOR OlpB
709 EDIGIIGNIGFRVIKAEDITIREEELESMPGSIDGTYMFDWYLNRISGYVVIQP. OlpB
141 ETIGIIGKIGFKALKLGKIEIREENTPVMPGAKEGTLLEDWDAETITEYNVIOP  ORF2p
311 ESTGIICGRVGEXVLKAANTTVKLEETRF TPNSIDGTLVIDWYGQQIVGYKVIQR: ORF2p

FIG. 4. Alignment of the cohesin domain of SdbA and of the NH,-terminal
repeats of OlpB and ORF2p (9). Residues that are identical or similar in the
majority of the displayed sequences are shown against a shaded background.
Numbering of residues starts with putative initiation codons. Similar amino acids
are F, I, V,L,and M; R and K; S and T; D and E; N and Q; and F, Y, and W.
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98
264
278
289
450

FIG. 5. Similarity between residues 264 to 275 of SdbA and a motif present
in S. pyogenes M proteins M1 (GenBank accession number X72752), M9 (30),
PAM (4), and M12 (33). For each protein, numbering starts with the putative
initiation codon. Residues that are identical or similar in the majority of the
displayed sequences are shown against a shaded background. Similarity criteria
are the same as for Fig. 4.

terminal SLH segments of OlpB fused to MalE (lane 4). Nei-
ther SdbA, MalE-ORF1p-N, nor MalE-ORF1p-C was labeled
after incubation with '?*I-labeled CelC-DSCelD (data not
shown).

DISCUSSION

Proteins of C. thermocellum carrying dockerin domains can
be labeled with '*°I and used as probes to detect proteins
harboring complementary cohesin domains (36, 40, 41). Thus,
clones expressing cohesin-containing polypeptides can be iso-
lated, and the cohesin domains can be identified (8). In this
study, the same strategy was applied to clone the sdbA gene
and to identify the cohesin domain responsible for binding the
dockerin domain of CipA. Only one gene was obtained. It may
be that other genes encoding proteins with similar properties
escaped detection because of lack of expression in E. coli.

Of the three polypeptides, p170, p116, and p60, which were
previously shown to bind the dockerin domain of CipA (36),
p170 and p116 are probably too large to be encoded by sdbA,
even allowing for posttranslational modifications such as gly-
cosylation. The p60 polypeptide appears as a more likely can-
didate; however, positive identification of the SdbA polypep-
tide as p60 requires further confirmation, for example, by
demonstrating immunological cross-reactivity.

Figure 7 indicates that the cohesin domain lies in the NH,-
proximal region of SdbA. The signal detected with the NH,-
terminal fragment was much weaker than that detected with
the whole protein. However, truncation of SdbA may affect the
affinity or stability of the residual NH,-terminal polypeptide.
Alternatively, binding to nitrocellulose may alter the confor-
mation of the isolated cohesin domain, whereas attachment of
the intact protein to the membrane may be mediated by re-
gions of the polypeptide not required for binding the labeled
probe.

In contrast to the dockerin domain of CipA, which is clearly
related to the dockerin domains present in the catalytic sub-

1453 1 tyriieeraienannnns AYIREY. .
1496 _YSBUAD. THHARWATKFATSQELIKEY . .
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units (8, 11), the cohesin domain of SdbA shows no obvious
similarity with the cohesin domains of CipA and OlpA. How-
ever, it is similar to the repeats located at the NH,-terminal
ends of OlpB and ORF2p (9). Indeed, '**I-labeled CelC-
DSCipA bound specifically to the first NH,-terminal repeat of
OlpB. Thus, the NH,-terminal domains of SdbA, OlpB, and
most likely ORF2p represent a new type of cohesin domain.
We propose to classify these cohesin domains as type II and to
classify as type I the cohesin domains found in CipA and at the
NH, terminus of OlpA. The same distinction between type I
and type II applies to the cognate dockerin domains present in
catalytic cellulosome components and in CipA, respectively.

The three proteins, SdbA, OlpB, and ORF2p, that are
known to contain cohesin domains of type II also carry SLH
repeats. In all cases studied so far, SLH repeats are found in
proteins that are associated with the cell surface of bacteria,
and biochemical evidence indicates that they bind to compo-
nents of the cell envelope (20). Thus, SdbA may be located on
the cell surface, like OlpA (35) and OlpB (20). The similarity
between the central region of SdbA and a region present in
streptococcal M proteins reinforces the hypothesis. It has been
surmised that in M proteins, this region may interact with cell
wall carbohydrates (43). Taken together, these considerations
strongly suggest that SdbA, OlpB, and possibly ORF2p are
components of the cell envelope that are involved in binding
cellulosomes to the cell surface.

The structural organization of the cellulosome and the at-
tachment of the cellulosome to the cell surface depend on the
same type of protein-protein interactions. In both cases, the
interaction involves the binding of a duplicated 24-amino-acid
segment, termed the dockerin domain, to a segment of 140 to
160 amino acids termed the cohesin domain. Cohesin domains
of type I, such as those found in CipA, are known to bind to a
variety of dockerin domains of type I borne by catalytic com-
ponents of the cellulosome. By contrast, the dockerin domain
of CipA is the only dockerin domain of type II known to bind
to cohesin domains of type II. Indeed, cip4 and olpB are
cotranscribed (9), emphasizing the likelihood that their prod-
ucts have related functions.

The general structures of OlpB, ORF2p, and SdbA fit well
with a role in displaying proteins toward the outside of the cell.
The cohesin domains are located at the NH, terminus of the
polypeptides, on the opposite end from the COOH-terminal
SLH segments, which are bound to the cell surface. Accord-
ingly, on whole cells, the cohesin domains of OlpB are more
easily labeled with antibodies than the SLH segments (20).

Why three different proteins (and possibly more, if p116 and
p170 belong to the same family) should be needed to display
cellulosomes on the cell surface is open to speculation. SdbA,

. PDGSEREFRNIERARAAV I FARLIGADESYGAQSASP. . ... ... 0lpB
. PDGTEKEDON
. PDGTEKEQONY

RANEATYYLHFLTKVKGQEIMSKLATIDISNPK  OlpB
RSESVALINRAL&RGPLNGAPKL .......... OlpB

1627 FPDWNE.SYWAFGDIMDGALD 0lpB
PZAE B RN RN | N PELKGY . . .PGGLEKPENN: AAVIFAKLLGADENSAGKNSSIT ....... OlpA
285 FKDLKD.SHWAAWAIKYVTEQNLFGGY...PDGTFM?DKS RAEFATYTIVYKFLEKLGKIEQGTDVKTQ. .. ... OlpA
350  LKDIEG. . HHAQKY IETLVAKI . .PDETERPQAS VALINRSLERGPLNGAVLE OlpA
410 FTOVPV.N %AYKD TAEGVIY . BN OlpA
454 'RADEGS . Y. AkKQIEVLASK ...TSDTTFTPQAD SdbA
513 EDPVSE . KDYYYEYVGTAKEL . VGNNKENPKAKL SdbA
580 FSﬁKDQIASYAVEGVATLVKE&X . . SGDIINERGNAS Sdba

1682 i ENDIKD. NWAKDVIEVLASRH{VEG...MTDTQYEPNKTVTRAEFTAM}LRLLNIKDETYSGE ........... Pul

1741 ESDVKS.GDWYANATEARYKAGIIEG. . . DGKNA, RENDSITREEMTATAMUAYEMLTQYKEENIGATT. . . . . . Pul

BSDDKSISDRARNVVANAAKLGIVNE.
LNDFNKISGYAKEAYOSLVDAGVIOG. .
A%rm DAWYYDAJAATVENGIREG.

S

. EPNNVEAPKGNATRAEAAATTYGLIEKSONT . v v evnnnnn. .
.DANGNFNELKTISRAEAATIETNALELEAEGDVN.
.VSATEFAPNKQLTRSEAAKILVDAFELEGEGDLSE
TVKPNAKSYLEIAVANGVIKGSEANGKTNLNPNAPITRQBEAVVESRTLENVDATPKVDKIE ........ Bsph

FIG. 6. Alignment of the COOH-terminal repeats of SdbA with similar sequences of other cell surface proteins. OlpA, outer layer protein A of C. thermocellum
(9, 35); OlpB, outer layer protein B of C. thermocellum (9, 20); Pul, pullulanase of Thermoanaerobacterium thermosulfurigenes EM1 (25); Bsph, S-layer protein of Bacillus
sphaericus (5). For each protein, numbering starts at the putative initiation codon. Residues that are similar or identical in the majority of the duplicated sequences
are shown against a shaded background. Similarity criteria are the same as for Fig. 4.
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FIG. 7. Interaction of '*I-labeled CelC-DSCipA with purified proteins. Pro-
teins were loaded on an SDS-12.5% polyacrylamide gel and were either stained
with Coomassie blue (A) or blotted onto a nitrocellulose filter and probed with
125].1abeled CelC-DSCipA (B). Lanes: M, molecular mass markers (masses are
indicated in kilodaltons); 1, SdbA-N; 2, SdbA-C; 3, SdbA; 4, MalE-ORF1p-C
(20); 5, MalE-ORF1p-N (20).

OREF2p, and OlpB carry one, two, and four cohesin domains,
respectively. The nature and the length of the segment con-
necting the SLH domains to the cohesin domains are also
variable. OlpB features a connecting segment remarkably long
and reiterated compared with those of the two other proteins.
Possibly these differences are correlated to different roles in
the topological organization of the complexes on the cell sur-
face, in particular the formation of polycellulosomes.
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